Background--Obstructive sleep apnea (OSA) is a highly prevalent condition, especially in obese children, and has been associated with increased risk for endothelial dysfunction and dislipidemia, which are precursors of atherosclerosis. Lipoprotein-associated phospholipase A2 (Lp-PLA2) is recognized as an independent risk factor for cardiovascular risk and atheromatous plaque activity. We hypothesized that Lp-PLA2 levels would be elevated in children with OSA, particularly among obese children who also manifest evidence of endothelial dysfunction.
T he increases in childhood obesity prevalence rates have now been reported globally and are currently viewed as both major short-term and long-term health hazards 1, 2 due to the generation of a systemic inflammatory and oxidative stress burden. 3, 4 However, the large variance in morbidity among overweight-obese children suggests the need for biomarkers that identify the specific risk of any given child for cardiovascular morbidity. [5] [6] [7] Obstructive sleep apnea (OSA) is also a highly prevalent condition in children, affecting up to 3% to 4% of all children. 8 Children with OSA exhibit a highly collapsible upper airway that will lead to episodes of partial or complete airway obstruction during sleep, resulting in increased intrathoracic pressure swings and recurrent arousals as well as episodic oxyhemoglobin desaturations and elevations in carbon dioxide. 9 The cumulative evidence derived from a large number of studies has further suggested that OSA is independently associated with increased inflammation and daytime somnolence, [10] [11] [12] altered lipid homeostasis, and cardiovascular morbidity, including systemic and pulmonary vascular hypertension, left ventricular alterations in geometry and contractibility, as well as endothelial dysfunction. [13] [14] [15] However, as in obese children, not every child suffering from OSA will manifest evidence of cardiovascular morbidity, even if the frequency of endothelial dysfunction increases with corresponding increases in OSA severity, particularly when obesity is concurrently present. 16 Lipoprotein-associated phospholipase A2 (Lp-PLA2) is a calcium-independent lipase primarily produced by monocytes and macrophages that catalyzes the hydrolysis of the sn-2 acyl chain of the phospholipid substrates on the surface of low-density lipoproteins, releasing lysophosphatidylcholine and oxidized fatty acids. 17, 18 Lp-PLA2 is recognized as an independent risk factor for cardiovascular disease (CVD) and atheromatous plaque activity in the general population, 19 and elevations of Lp-PLA2 have also been reported in children at significant CVD risk, 20,21 including obese children. 22 However, the impact of OSA on Lp-PLA2 activity has not been examined to date and could constitute a potential indicator for CVD risk in this patient population. We hypothesized that OSA in children would be associated with increased plasma activity levels of Lp-PLA2, particularly when concurrent obesity and endothelial dysfunction are present.
Materials and Methods
The research protocol was approved by the University of Chicago (protocol 09-115-B) human research ethics committee. Informed consent was obtained from the parents, and age appropriate assent was also obtained from the children. Children 4 to 11 years of age were recruited from the Sleep and ENT clinics at Comer Children's Hospital at the University of Chicago as well as by advertisement in the community. Children found to be hypertensive or using antihypertensive drug therapies were excluded (n=8). Furthermore, children with diabetes (fasting serum glucose ≥120 mg/dL; n=13), with a craniofacial, neuromuscular, or defined genetic syndrome, and children on chronic anti-inflammatory therapy (n=14) or with any known acute or chronic illness were also excluded. In addition, children placed on sympathomimetic agents such as psychostimulants were not tested (n=21).
Overnight Polysomnographic Studies
All children underwent standard nocturnal polysomnography evaluation as previously described, 23 with assessment of 8 standard EEG channels, bilateral EOG, EMG, 2-lead ECG, oronasal airflow measurement using thermistor, nasal pressure transducer, end-tidal CO 2 , chest and abdominal movement by respiratory inductance plethysmography, and pulse oximetry including pulse waveform using a commercially available data acquisition system (Polysmith; Nihon Kohden America Inc, Irvine, CA). The nocturnal polysomnography studies were scored as per the 2012 American Association of Sleep Medicine revised guidelines for the scoring of sleep and associated events. 24 The proportion of time spent in each stage of sleep was calculated as a percentage of total sleep time (TST). A respiratory event was scored as an obstructive apnea if it was associated with a >90% fall in signal amplitude for >90% of the entire event compared to the baseline amplitude, the event lasted for at least 2 breaths, and there was continued or increased respiratory effort throughout the period of the event. A mixed apnea was scored if there was absent inspiratory effort in the initial part of the event, followed by resumption of inspiratory effort before the end of the event. A central apnea was scored if there was absent respiratory effort throughout the duration of the event, the event lasted for at least 2 missed breaths, and it was associated with an arousal/awakening or a ≥3% desaturation. A hypopnea was scored if the event was associated with a ≥50% fall in amplitude of the nasal pressure transducer, lasted for at least 2 breaths, and was associated with an arousal/ awakening or ≥3% desaturation. The obstructive apneahypopnea index (AHI) was calculated as the number of apneas and hypopneas per hour of TST. Arousals were classified as either spontaneous or respiratory, and corresponding indices were computed. The diagnosis of OSA was defined by the presence of an AHI ≥1 per hour of TST. Control children were nonobese children who had AHI <1/hour of TST.
Endothelial Function Measurements
Endothelial function was assessed in a fasted state in the morning, using the hyperemic test after cuff-induced occlusion of wrist arteries, as previously described. 16, 25 In brief, a laser Doppler sensor (Periflux 5000 System; Perimed, J€ arf€ alla, Sweden) was placed over the volar aspect of the hand at the first finger distal metacarpal surface, and the hand was secured and immobilized. 26 Once cutaneous blood flow readings became stable, a cuff placed at the forearm and connected to a computer-controller was inflated to suprasystolic pressures, and blood flow signal declined to undetectable levels. The cuff was rapidly deflated, and the laser Doppler measured hyperemic responses. The time to maximal regional blood flow after occlusion release (T max ) is representative of the postocclusion hyperemic response, an index of NO-dependent endothelial function. 27 A T max >45 seconds was considered as indicative of abnormal endothelial function 28, 29 and represents 3 standard deviations above the mean. The intraobserver and interobserver variability of the test have been previously examined and are 8.9% and 13.8%, respectively.
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According to our recruitment strategies, 4 distinctly different groups of children were identified: Controls (CO), who were nonobese and either nonsnoring or snoring children with normal polysomnographic tests; obese children (OB), ie, BMI z-score ≥1.65 with either normal polysomnographic tests or evidence of OSA; and nonobese snoring children with abnormal polysomnographic findings confirming the presence of OSA.
Plasma Assays
Blood samples were drawn into either EDTA-containing tubes (purple top) or tubes without any additive. Samples were centrifuged within 30 minutes at 3000g for 10 minutes, and plasma was separated and either analyzed immediately or kept at À80°C. Levels of lipids including total cholesterol, high-density lipoprotein (HDL) cholesterol, calculated lowdensity lipoprotein (LDL) cholesterol, and triglycerides were assessed with a Flex reagent cartridge (Date Behring, Newark, DE). In addition, plasma samples were frozen at À80°C until assay. Plasma high-sensitivity C-reactive protein (hsCRP) was measured using a high-sensitivity immunonephelometric method with a lowest detection limit of 0.0175 mg/dL (N High Sensitivity CRP; Dade Behring, Marburg, Germany).
Lp-PLA2 Activity Assay
Plasma Lp-PLA2 activity levels were assessed in duplicate using a commercially available kit (PLAQPRO ™ Lp-PLA2 Assay;
Enzo, New York, NY; cat # ENZ-KIT179-0200). The assay is predicated on a colorimetric readout enzyme activity assay. During the test, Lp-PLA2 in plasma samples hydrolyzed the SN2 position of the substrate, 1-myristoyl-2-(4-nitrophenylsuccinyl)-phosphatidylcholine. The resulting colored reaction product, 4-nitrophenol, is measured spectrophotometrically, and the rate of formation of 4-nitrophenol is determined over successive time-constrained measurements. The assay kit includes five Lp-PLA2 calibrators for use in generating a standard curve fit of change in absorbance versus Lp-PLA2 activity level in nanomoles per minute per milliliter. The activity of Lp-PLA2 in subject samples is then interpolated from the standard calibration curve. The sensitivity of the assay was determined at 0.24 nmol/(minÁmL); the intra-assay variability of the assay was 8%, and the interassay variability was 12%.
Statistical Analysis
All analyses were conducted using SPSS software (version 21.0; SPPS Inc, Chicago, IL), and data are presented as meanAESD. The children were subdivided into 4 groups, based on the presence or absence of obesity (ie, BMI z-score >1.65) and OSA. A priori assumptions on the presence of differences in Lp-PLA2 activity levels between children with and without OSA were formulated such as to allow for 80% power and a 2-sided confidence level at 0.01 and indicated the need for 90 to 120 subjects in the cohort. Significant differences between groups were analyzed using 2-way analysis of variance. If the data were not normally distributed, they were logarithmically transformed. Pearson correlation analyses and linear stepwise regression analyses were conducted to examine potential associations between BMI z-score, sleep variables, lipid profiles, hsCRP, T max , and Lp-PLA2 plasma activity levels. All P-values reported are 2-tailed with statistical significance set at <0.05.
Results
A total of 196 children fulfilling entry criteria completed the overnight polysomnographic evaluation, underwent endothelial function testing, and provided a fasting blood sample after the sleep study. To allow for identical subgroup cohort sizes, children were prospectively and consecutively recruited into each of the 4 categorical groups, until a total of 40 children was reached (total recruitments were as follows: nonobese children without OSA 41; nonobese children with OSA 48; obese children without OSA 40; obese children with OSA, 67). In addition, a total of 32 children refused to participate in the study (7 parents declined to participate altogether, and 25 parents were not willing to participate in the blood draw portion of the study). The demographic, anthropometric, and polysomnographic characteristics of these 32 children were similar to those of the cohort, which are shown in Table 1 .
In general, there were no significant differences in age, sex, or ethnicity across the 4 subgroups. Primary sleep disturbance measures clinically used to characterize the severity of OSA were not significantly different in obese and nonobese children with OSA. Similarly, there were no differences in sleep measures in obese and nonobese children without OSA (Table 1) .
However, obese children exhibited significantly higher BMI z-scores and serum lipids and lower HDL cholesterol levels as well as higher hsCRP levels (Table 1) . Similarly, children with OSA had significantly higher LDL cholesterol and lower HDL cholesterol levels as well as increased hsCRP (Table 1) .
Plasma Lp-PLA2 activity levels were significantly higher in obese children without OSA (183.1AE82.5 nmol/ [minÁmL]) compared with non-obese children without OSA (131.1AE25.0 nmol/[minÁmL], P<0.001). Lp-PLA2 activity levels were significantly correlated with the BMI z score (r 2 0.11; P<0.001; Figure 1 ), as well as with hsCRP (r 0.197; P<0.02). Nonobese and obese children with OSA exhibited increased Lp-PLA2 activity levels compared to corresponding controls (Table 1) . Furthermore, a significant linear correlation emerged between AHI and Lp-PLA2 activity levels (r 2 0.22;
P=0.001; Figure 1 ). BMI z-score, AHI, and hsCRP were also significantly associated with T max values (r 2 0.09; P<0.001, r 2 0.23; P<0.001, and r 2 0.14; P<0.01, respectively; Figure 1 ).
However, a remarkably strong association emerged between T max and Lp-PLA2 activity (r 2 0.70; P<0.001; Figure 1 ), whereas no significant associations were detected between LDL or HDL cholesterol or triglyceride concentrations and T max , Lp-PLA2 activity, AHI, or BMI z-scores. Notably, Lp-PLA2 activity was markedly increased in all subjects with evidence of endothelial dysfunction (Table 1) .
To further explore independent predictors of T max , we performed stepwise multiple regression analyses with age, sex, ethnicity, and BMI z-score included as potential confounders. In model 1 (adjusted only for age, race, and sex), BMI z-score, AHI, peripheral capillary oxygen saturation (S p O 2 ) nadir, respiratory arousal indices, hsCRP, and Lp-PLA2 activity were independently associated with T max (Table 2, P<0.001). In model 2 (adjusted for age, race, sex, and BMI z-score), AHI, S p O 2 nadir, respiratory arousal indices, hsCRP, and Lp-PLA2 activity accounted for 12.7%, 10.7%, 6.1%, 3.8%, and 48.9% of the variance in T max , respectively. In addition, in the context of iterative variations on model 2, BMI z-score contributed~15.6% of the variance in T max after adjusting for age, sex, race, and sleep measures (Table 2) , and hsCRP contributed a small, albeit significant, proportion (5.2%). However, when Lp-PLA2 activity was included in the model, the association between T max and any other variable was markedly weakened and did not achieve statistical significance (standardized coefficient: 0.047; P>0.05). Based on the various iterative models described above, we used the residuals from these models in the comprehensive model aiming to establish the adjusted association between T max and OSA polysomnographic severity measures while adjusting for all other potential confounders and accounting for the interdependencies between BMI z-score and other variables such as Lp-PLA2 activity. In this comprehensive and adjusted model (model 3), which incorporates multiple risk factors, OSA severity accounted for 22% of the variance in T max (standardized coefficient: 0.243; P<0.001), with BMI z-score accounting for 12% of the variance (standardized coefficient 0.117; P<0.01), and hsCRP did not contribute significantly to the variance in T max . There were no apparent interactions in the fully adjusted model between OSA and BMI zscore severity on T max .
A subset of 37 children (21 obese) who underwent adenotonsillectomy (T&A) as part of their treatment for the underlying sleep-disordered breathing underwent a follow-up overnight sleep study and Lp-PLA2 activity assessments within 4 to 6 months after surgery. In 14 of these children, endothelial function was also evaluated. AHI decreased from 12.6AE3.9 per hour TST before treatment to 3.6AE2.6 per hour TST following T&A (P<0.001; Figure 2 ). In parallel, significant reductions in Lp-PLA2 activity levels occurred (pre-T&A 221.3AE116.4 nmol/ [minÁmL] vs post-T&A 140.1AE35.0 nmol/[minÁmL]; P<0.001; Figure 2 ), with overall improvements in T max being apparent among the 14 children tested (pre-T&A 43.4AE9.3 seconds vs post-T&A 36.2AE4.6 seconds; P<0.001; Figure 2 ).
Discussion
This study shows that both obese children with and without OSA and nonobese children with OSA are at risk for increased Lp-PLA2 activity when compared to nonobese children without OSA and that a very strong association is present between Lp-PLA2 plasma activity levels and T max values. In addition, significant, albeit weaker, associations emerged between Lp-PLA2 activity and BMI z-scores as well as with the 3 major polysomnographic measures traditionally used to characterize OSA, namely AHI, S p O 2 nadir, and respiratory arousal index. Furthermore, reduction in AHI consequent to T&A resulted in improved T max and reductions in Lp-PLA2. Taken together, these findings suggest that assessment of plasma Lp-PLA2 activity levels may provide a reliable biomarker for children at risk for atherosclerosis, ie, when obesity or OSA is present. Several methodological considerations deserve mention. First, in the context of the prospective recruitment protocol, careful standardization of fasting blood sampling procedures after the overnight sleep study should dispel any concerns about potential circadian variability in Lp-PLA2 activity because all samples were obtained at the same time. Furthermore, overall sleep duration in the night preceding the blood sample was available from the polysomnogram, and no major differences were apparent across the 4 subgroups. Second, Lp-PLA2 activity assays were all performed concomitantly, which should reduce assay variability. We opted for Lp-PLA2 activity because such assessment has been viewed as superior to the measurement of Lp-PLA2 concentrations in plasma, which are apparently fraught with both pre-and postanalytical problems. 30 In the context of cardiovascular morbidity associated with OSA or obesity, our findings corroborate those of previous studies, whereby significant, albeit small, increments in systemic blood pressure are detectable in children with either of these 2 conditions. [31] [32] [33] [34] [35] [36] [37] [38] Furthermore, current results confirm the increased frequency of children with abnormal endothelial function, particularly when obesity and OSA are concurrently present. 25, [39] [40] [41] The concept that delayed postocclusive hyperemic responses represent alterations in endothelial integrity and attest to the incipient processes involved in atherogenesis has gained widespread acceptance as providing a valid and reliable indication of risk for cardiovascular disease. Endothelial dysfunction has now been repeatedly reported in both adult and pediatric patients with OSA. The bioavailability of nitric oxide is a critical component underlying the adequacy of the postocclusive hyperemic responses, 27 and the presence of activated endothelium by proatherogenic factors such as LDL cholesterol is key in promoting atherosclerosis induction and progression. The vast majority of Lp-PLA2 circulates bound to LDL cholesterol, with the remainder being bound to HDL cholesterol and remnant lipoprotein particles. When an LDL particle enters the intimal space, it may be oxidized by several enzymes, at which stage Lp-PLA2 begins to hydrolyze oxidized phospholipid (oxPL) on the LDL particles, forming some of the major molecular triggers of the inflammation cascade, namely oxidized fatty acids and lysophosphatidylcholine. Oxidized fatty acids and lysophosphatidylcholine stimulate expression of adhesion molecules and inflammatory cytokines by endothelial cells, promoting the adhesion and migration monocytes/macrophages to the subendothelial space where they become activated and transform into foam cell macrophages. 42 Evidence for some of these events has been previously reported in pediatric OSA, further attesting to the systemic and widespread impact of the disease on the vasculature. [43] [44] [45] Furthermore, Lp-PLA2 activity can also directly decrease the ability of the endothelium to generate nitric oxide. 46 Thus, Lp-PLA2 plasma activity levels as reported in the children with OSA may in fact provide a reliable indicator of the presence or absence of reduced nitric oxide bioavailability in the endothelium, an important correlate of disrupted vascular integrity, or even suggest the presence of atherosclerotic processes and local inflammation in the vascular system. We therefore view the significant reductions in Lp-PLA2 activity with treatment of OSA as indicative of reversibility of the aforementioned processes, particularly in view of the strong associations between Lp-PLA2 activity and T max , and also the parallel improvements in T max and Lp-PLA2 activity, especially among those with pre-T&A evidence of endothelial dysfunction. However, we should also remark that our study does not elucidate why some children exhibit reductions in endothelial function while others do not despite the presence of OSA or obesity of similar severity. Furthermore, we cannot infer whether Lp-PLA2 activity levels reflect a mechanism involved in T max changes or simply represent a correlate of T max . We hypothesize that based on the known biological activity of Lp-PLA2, both obesity and OSA may induce increases in Lp-PLA2 activity that, in turn, adversely affects endothelial integrity. 47 In this context we should emphasize that significant associations between Lp-PLA2 and endothelial function, as measured by flow-mediated vasodilation in adults, have not been consistently identified. [48] [49] [50] Indeed, Garg and colleagues reported no evidence of such association in a large cohort of adult subjects participating in the Multi-Ethnic Study of Atherosclerosis. 50 However, the same group reported more recently that Lp-PLA2 was positively associated with cardiovascular disease risk, irrespective of the presence or absence of coronary artery calcium or of carotid-intima-media thickening in the Multi-Ethnic Study of Atherosclerosis cohort. 51 Notwithstanding such discrepant findings, the remarkably strong association between Lp-PLA2 and T max in our pediatric cohort as well as the decreases in Lp-PLA2 following treatment of OSA suggest that the signal to noise regarding the putative link between Lp-PLA2 and endothelial function is substantially higher, probably due to the absence of coexisting confounders in the pediatric age range. Furthermore, differences in the actual information provided by flow-mediated vasodilation (ie, macrovascular) and T max (microvascular) may also account for some of such discrepancies between children and adults. 26 In addition to genetic variability in a wide range of genes and pathways pathogenetically involved in atherosclerosis, 52, 53 we note that obese children with OSA are more likely to consume fat-rich and energy-dense items in their diets that may further predispose them to generation of an adverse vascular milieu. 12, 54 The previously observed increases in circulating LDL cholesterol levels and reciprocal decreases in HDL cholesterol in OSA children and obese children, 55, 56 which were also documented in the present study, would further support this assumption and potentially explain some of the variance in both T max and Lp-PLA2 levels in the cohort. In summary, we have shown that both obesity and OSA in children lead to increases in plasma activity levels of Lp-PLA2 and that the latter are strongly associated with measures of endothelial function. These findings may afford clinical diagnostic opportunities by taking advantage of LP-PLA2 as a biomarker of underlying atherosclerosis and vascular dysfunction in children and could potentially enable riskreduction interventions targeting LP-PLA2.
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